We have developed an apparatus which can be used to make movies showing the motion of individual electrons in liquid helium. A sound wave is used to explode an electron bubble for a fraction of a microsecond and to make it grow to have a radius of around 10 microns. While the bubble has this large size it is illuminated with a flash lamp and its position recorded. We report on a number of interesting phenomena that have been observed in these experiments. Some electrons that first appear near the surface of the transducer are likely to be produced as a result of cosmic rays passing through the liquid in the experimental cell. We discuss the details of this process.
Abstract.
We have developed an apparatus which can be used to make movies showing the motion of individual electrons in liquid helium. A sound wave is used to explode an electron bubble for a fraction of a microsecond and to make it grow to have a radius of around 10 microns. While the bubble has this large size it is illuminated with a flash lamp and its position recorded. We report on a number of interesting phenomena that have been observed in these experiments. Some electrons that first appear near the surface of the transducer are likely to be produced as a result of cosmic rays passing through the liquid in the experimental cell. We discuss the details of this process.
In several previous experiments in our lab, the cavitation in liquid helium that results from nucleation at an electron bubble has been studied [1, 2, 3] . The energy of an electron bubble of radius R in helium is given by the approximate expression
where the three terms represent the zero-point energy of the electron confined in a spherical cavity, the surface energy, and the work done against the applied pressure P . σ is the surface tension and m e is the mass of the electron. The equilibrium radius of the bubble is obtained by minimizing the total energy E. At zero pressure the equilibrium radius is about 19Å [1] . For negative pressures, the radius increases and at a critical pressure P c , the bubble becomes unstable against isotropic radial expansion and "explodes". P c has the value −1.9 bars in the low temperature limit and has a smaller magnitude at higher temperatures due to the temperature dependence of σ. Previously we reported [4] that by using a planar ultrasonic transducer, a transient negative pressure pulse was produced to pass across a large volume (∼1 cm 3 ) of liquid helium. All electron bubbles within the volume were exploded. The bubble oscillates with the sound field and can reach a size of about 10 µm in radius. While the bubble has this large size it is illuminated with a flash lamp and its position recorded. Through the application of a series of sound pulses, we can then take images along the track of individual electrons. In the first experiments even though there was no electron source in the cell, tracks of electron bubbles were observed in the liquid helium. Some of the tracks were suspected to be related to bubbles being trapped on quantized vortices and sliding down the vortices [4] . In the present paper, we discuss the results obtained in our recent experiments with a tungsten electrode immersed in the liquid helium cell. A schematic diagram of the experimental setup is shown in Fig. 1 . A tungsten electrode was placed in a cylindrical cell with inner diameter of 5 cm and height of nearly 15 cm. A planar lithium niobate transducer disc with radius of 1 cm was used to generate sound pulses. The transducer was mounted inside the helium cell at a height just below the bottom edge of the viewing window. The top surface of the transducer was grounded. When a negative voltage was applied to the tungsten electrode, the electric field between the electrode and the top surface of the transducer forced electrons away from the electrode. Pulsed oscillating voltage with duration of 30 µs was applied to the bottom surface of the transducer at a repetition rate of 32 Hz. The oscillation frequency of the voltage was chosen to be 1.31 MHz in order to drive the transducer in resonance. The generated sound pulses propagated upward in the cell. A flash lamp [5] with pulse duration of about 50 µs was placed at a distance of 20 cm from the center of the cell and was triggered at the end of the sound pulse. The light was directed horizontally into the cell through a homemade light guide installed in the cryostat. The electron bubbles in the viewing region were exploded by the sound pulse and illuminated with light from the flash lamp. Light that was scattered by the exploded bubble passed through the viewing window at 90 • . A camcorder running at 4 frames per second was placed in front of the viewing window to collect the scattered light from the exploded bubble and record its image. Typical pictures taken with a voltage from 0 to −500 V on the electrode are shown in Fig. 2 . These pictures were taken with 650 V on the transducer. Since the repetition rate of the sound pulse was 32 Hz with the camcorder running at 4 frames per second, on each frame there should be at most eight images for each individual electron bubble. In order to show the entire track, we collect the frames and put all the images of an electron along its path in the same picture as shown here. In Fig. 2 , the black circular region in the center of each picture is the viewing window and the bright mark above the top edge of the viewing window is the end of the tungsten electrode. The electrons were seen moving upward from near the surface of the transducer towards the top of the cell with velocity typically around 4 cm s −1 . The temperature in the cell was above the lambda point as we took these pictures. The heating due to the vibration of the transducer causes thermal convection in the cell. The liquid helium flowed from the surface of the transducer to the top part of the cell, and hence dragged the electron bubble upward. The observed rate of seeing electrons events was about one per two seconds. As we increase the amplitude of the negative voltage on the electrode, we clearly see the bending of the electron tracks. The electric field in the cell deceases rapidly with increasing distance from the electrode. As a result, the force on an electron bubble is dominated by the drag force of the fluid when the bubble is near the transducer surface, but when a bubble gets close to the electrode, the electric force dominates and pushes the bubble down. When a higher voltage is applied to the electrode, the electric force dominates over the drag force at a closer distance to the transducer. As a result the electron tracks bend more heavily. This qualitatively explains the phenomena that we have observed. It should be pointed out that there is no electron source in the cell when we took the above pictures. It is natural to ask how these electrons are produced. Here we consider the effect of cosmic ray muons passing through the cell. Muons passing through liquid helium cause ionization and excitation of the helium atoms. Most of the helium ions and free electrons that are produced recombine quickly forming excited state atoms. The excited-state atoms, upon interacting with ground-state helium atoms, form diatomic excimer molecules [6, 7] . A dimer in a highly-excited singlet state can rapidly cascade to the first excited state, He 2 (A 1 Σ + u ), and from there radiatively decay [6] to the dissociative ground state, He 2 (X 1 Σ g ), emitting an ultraviolet photon in a band from 13 to 20 eV and centered at 16 eV. For molecules in the triplet state He 2 (a 3 Σ + u ), due to their long lifetime [8] most of them will be dragged by the fluid and quenched on the cell wall before they can radiative decay. Thus the singlet molecules should make the main contribution to the ultraviolet photons generated in the cell. These photons can pass through bulk helium because there is no absorption below 20.4 eV. Some of these photons may reach and strike the surface of the transducer which is coated with gold. Given that the work function of gold is 4.5 eV, photo-electrons will be emitted into the liquid.
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For the geometry of the cell used in our experiment, the number rate of cosmic rays passing through the cell is roughly 0.8 per second. The average number of 16 eV photons produced for each cosmic muon is estimated to be 1.5 × 10 5 . Considering the solid angle of the transducer surface to these photons, we estimate that roughly 5 percent of these photons will reach the transducer; this percentage varies according to the path of the muon. Hence, the number of photons that strike the transducer per cosmic ray event N p is roughly 7.5×10 3 .
Let the probability that a photon striking the transducer surface results in an electron escaping into the helium be γ, so the average rate of seeing electrons is P el = N p γ × 0.8 s −1 . Note that γ will be less than the normal photoelectron yield for a gold surface because emitted electrons lose energy in the liquid, form an electron bubble, and can then be pulled back into the gold by the image charge. Experimentally, the average rate of seeing electron bubbles appear from the transducer surface can be determined. We cut the recorded movie into 10-second segments and count the number of electron events in each segment. Based on the counting results of many such movie segments, the averaged event rate for electrons appearing on the surface of the transducer is found to be 0.5 events per second. As a result, we have a rough estimate for the photon-electron conversion probability as γ ∼ 8 × 10 −5 .
When a number of 16 eV photons generated by the same cosmic ray strike the transducer surface, there is a finite probability to knock out two electrons simultaneously. A typical picture is shown in Fig. 3(a) . The observed rate of double-track events in the experiment is roughly 0.04 s −1 . We can compare this rate with the rate expected based on the muon model just described, and use this as a consistency check of the model. The rate of double-track events P (2) el is given by P
Plugging in the values γ ∼ 8 × 10 −5 and N p ≈ 7.5 × 10 3 , we have P
el ≈ 0.07 s −1 which is close to the observed double-track event rate. In Figs. 3(b) and (c), we show pictures in which an electron first appears in the interior of the cell. There are two possible origins for these electrons. They could result from Compton scattering or photoelectric conversion within the helium by a gamma from outside, i.e., from the cell wall or some other part of the cryostat. A second possibility is that they could result from cosmic rays, or other charged particles, ionizing helium atoms and one pair of the resulting positive and negative ions not recombining. It is especially interesting to note that in Fig. 3(c) , besides the track that first appears in the bulk liquid, there is another electron track that first appears near the surface of the transducer. In principle, this could be the result of a Compton scattering event happening at the same time that an electron was ejected from the transducer by a photon generated by a muon. However, the chance of such a coincidence is very small. It is more likely that both tracks arise from a single cosmic ray. Thus, the track which starts within the bulk liquid is an electron that has avoided recombining with a positive ion, and the track starting at the transducer surface is an electron generated by photons from the same cosmic ray.
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